Abstract. Detailed descriptions of cardiac geometry and architecture are necessary for examining and understanding structural changes to the myocardium that are the result of pathologies, for interpreting the results of experimental studies of propagation, and for use as a three-dimensional orthotropically anisotropic model for the computational reconstruction of propagation during arrhythmias. Diffusion tensor imaging (DTI) provides a means to reconstruct fibre and sheet orientation throughout the ventricles. We reconstruct and quantify canine cardiac architecture in selected regions of the left and right ventricular free walls and the inter-ventricular septum. Fibre inclination angle rotates smoothly through the wall in all regions, from positive in the endocardium to negative in the epicardium. However, fibre transverse and sheet angles show large variability in basal regions. Additionally, regions where two populations (positive and negative) of sheet structure merge are identified. From these data, we conclude that a single DTI-derived atlas model of ventricular architecture should be applicable to modelling propagation in wedges from the equatorial and apical left ventricle, and allow comparisons to experimental studies carried out in wedge preparations. However, due to inter-individual variability in basal regions, a library of individual DTI models of basal wedges or of the whole ventricles will be required.
Introduction
Fibre orientation and sheet structure throughout the myocardium, along with tissue geometry and heterogeneous cell electrophysiology, underlie many of the phenomena associated with the function of the heart, including spread of electrical excitation and mechanical properties. Propagation of electrical activity [32, 43] is orthotropically anisotropic, being fastest in the direction of the long axis of the fibre due to the presence of gap junctions that are principally located at the ends of the myocytes [17, 52, 66] and slowest across the sheet plane due to the small number of muscle branches connecting otherwise electrically-insulated muscle sheets [34, 46] . Contraction of myocytes occurs in the long axis direction and, together with transmural shear along sheet planes [16] , results in transmural thickening and apex-base shortening. The fibre and sheet architecture throughout the ventricles could itself be a substrate for arrhythmias, including ventricular tachycardia and fibrillation, and sudden cardiac death, as has been suggested in both experimental [18, 48, 58, 60] and theoretical [9, 14, 22] studies. Ventricular wedge preparations are widely used in the optical imaging of excitation during arrhythmias [21] , but in order to correctly interpret the results from such wedge experiments, detailed descriptions of cardiac ventricular geometry and architecture will be required, along with an understanding of how this cardiac structure influences the propagation of excitation. Furthermore, fibre orientation can change during certain pathological conditions such as hypertrophy [25] and ischaemic heart disease [47, 65] , and so a complete understanding of such pathologies will require information about how cardiac geometry and architecture changes with disease.
It is therefore important to have a clear understanding of the three-dimensional architecture of the ventricles. Previous studies characterising the structure of the myocardium have utilised histological techniques in order to determine both fibre orientation [51, 55, 56] and sheet structure [13, 46] , or polarised light microscopy for determining fibre orientation [42] . Fibre orientation is known to follow a transmural helical pattern such that the inclination of the fibres with respect to the short axis of the heart (the fibre inclination angle, also referred to as the helix angle) shifts from positive at the endocardium to negative at the epicardium, changing sign at the midwall. The study of LeGrice et al. [46] suggested an organisation of the fibres at a higher level into a laminar structure with sheets approximately four myocytes thick, with these sheets separated by sheet cleavage planes. The cleavage planes ran radially from the endocardium to the epicardium and, when viewed in a long axis transmural plane, could be seen to shift from a base-apex direction near the apex through to an apex-base direction in basal regions. This architecture, however, has been disputed by several groups for numerous reasons -see [24] for a review. Furthermore, histological techniques, even if the tissue does not require fixing as for polarised light microscopy, require reconstruction of fibre and sheet orientations from sections, and introduce problems of distortion and alignment. Additionally, it is difficult to reconstruct the three-dimensional orientation of a fibre or sheet as only angles in the stack of cut planes can be directly measured.
Diffusion tensor magnetic resonance imaging (or diffusion tensor imaging, DTI) [4] has been developed as a non-destructive, high-throughput method to reconstruct in three dimen-sions both the fibre orientation and sheet structure throughout the ventricles. Previously applied to trace fibre tracts in the central nervous system [26, 40, 50] and study structure in cartilage [37] and skeletal muscle [3] , the primary eigenvector of the diffusion tensor has been validated as a measure of cardiac fibre orientation [33, 36, 53] and the secondary and tertiary eigenvectors have been proposed as indices [61] and validated as measures [29] of ventricular sheet structure.
Reconstructing the fibre and sheet orientation in detail throughout the ventricles allows the reconstruction of cardiac excitation using computational models [7, 31] . Such wedge and whole ventricle simulations of cardiac electrophysiology are now tractable and extremely useful, as the data they provide can be dissected in time and space, and by parameters. This allows a detailed examination of the effects of cardiac structure on propagation of excitation [9] , the elucidation of mechanisms underlying arrhythmias [7, 8, 15] , and gives an additional means of interpreting the results from experimental studies [59] . Propagation of electrical excitation in cardiac tissue can be described by the non-linear cable equation, a reaction-diffusion-type partial differential equation:
Here V is the membrane potential in mV, t is time in ms, ∇ is a spatial gradient operator, D is a diffusion coefficient tensor (mm
) that characterises electrotonic spread of voltage through the tissue, and I ion is the total membrane ionic current density in µA µF −1 . Families of cardiac cell models have been developed to describe the voltage-and time-dependent current I ion that reconstruct the action potential V (t) [49, 57] . These models can be applied hierarchically, with cell models for action potential properties, 1D virtual tissues for transmural propagation and vulnerability, and electrophysiologically-and anatomically-detailed 3D ventricular wedge models for intramural propagation and re-entry. The diffusion tensor D changes with location in the ventricles, and is determined by the tissue fibre and sheet structure at any given location. At each point in the heart there are three principal orthogonal directions of diffusion -along the fibre axis, perpendicular to the fibre axis in the sheet plane, and normal to the sheet plane -with these directions given by the orthogonal vectors f , s and n respectively. The DTI dataset contains the scalar components of these three vectors with respect to a global Cartesian coordinate system. In a local coordinate system based on these orthogonal vectors, the diffusion tensor at a particular point in space is
where D is diffusion along the fibre axis, D ⊥1 is diffusion in the sheet plane perpendicular to the fibre axis and D ⊥2 is diffusion normal to the sheet plane (i.e. in the orthogonal directions f , s and n respectively). As the three vectors f , s and n are the eigenvectors of the diffusion tensor D with corresponding eigenvalues D , D ⊥1 and D ⊥2 , then the transformation matrix of D to D is an orthogonal matrix A = (f , s, n). The diffusion tensor D is therefore given
, and substitution gives
Histologically-derived digital datasets describing geometry and architecture (and thus the diffusion tensor D in Equation 0.1) in canine [38, 39, 45] and rabbit [63] hearts are spatially smoothed models. However, recent studies suggest that sheet structure is highly variable between individual canines, and is variable between species [24] . As such, a single structural model may not be appropriate for simulating propagation in an anatomically detailed ventricular wedge, or in the complete ventricles. DTI is a method that can be used to build libraries of fibre and sheet structure highlighting the intra-and inter-species variation in myocardial architecture in both physiological and pathological states. Such libraries would provide geometries on which to run normal, pathological and pharmacologically-modified biophysically-detailed excitation equations and further understand the process of excitation propagation in the myocardium and the mechanisms underlying cardiac arrhythmias.
Any dataset used to describe the diffusion tensor D in Equation 0.1 must be validatedthat is, the vectors contained within the dataset must correspond to the actual fibre and sheet structure throughout the myocardium. Here we present an extraction and quantification of myocardial architecture from three regions commonly used in wedge optical imaging studies and computational simulations (basal, equatorial and apical lateral left ventricle), using data from three canine ventricles imaged using DTI, along with a description of the methods used to extract and analyse these data. We reconstruct and analyse the transmural course of the fibre inclination and transverse angles and the sheet angle, and investigate the degree of variability in these angles.
Methods

Diffusion Tensor Imaging Datasets
Three mongrel dog hearts were imaged using DTI, and subsequently pre-processed, by Professor Edward Hsu and colleagues, then at the Center for In Vivo Microscopy, Duke University Medical Center. Acquisition of the DTI data was a whole-ventricle analogue of the technique described in detail previously [35, 36] . Tissue geometry from an MRI file was used to mask the DTI data so that the tensors of voxels lying within the ventricular tissue could be isolated from those lying outside. The three orthogonal eigenvectors and corresponding eigenvalues of the diffusion tensor were then calculated at each voxel throughout the ventricular tissue, with the primary eigenvector having the largest eigenvalue and the tertiary eigenvector the smallest.
Coordinate System
In order to reconstruct fibre and sheet orientation throughout the ventricles, the Cartesian coordinate system of the DTI data was converted to a cylindrical coordinate system (see Figure 1 ). The eigenvectors were first reoriented with respect to the long axis of the heart within the anatomical coordinate system, which differed from the z axis of the DT imaging coordinates (Figure 1a ). This new apex-base axis was fit to the centre of the left ventricle of each heart. The centroid of the polar coordinate system was given by the intersection of this apex-base axis with the slice, and a radial axis for each voxel defined as a line perpendicular to the apex-base axis connecting the centroid and the voxel. A third axis, the tangential axis, lies perpendicular to both the apex-base and radial axes (Figure 1b) . For any particular location within the three-dimensional space we then defined three orthogonal reference planes: i) the transverse plane is approximately the short axis of the heart, with the apex-base axis normal to this plane; ii) the circumferential plane lies approximately tangential to the epicardial surface, with the radial axis normal to this plane; and iii) the radial plane, which is perpendicular to the transverse and tangential planes and passes through the centroid and the voxel. Fibre and sheet angles were calculated with respect to these three reference planes (see Figure 2) . 
Selection of Slices and Sectors
Since each of the DTI datasets contains approximately 10 6 voxels, we analysed extracted data from sectors at specific locations. For each heart we chose three representative slices. The basal slice was the first slice that did not show any valves or great vessels. The apical slice was chosen to be the slice nearest the apex that showed the chamber of the left ventricle. The equatorial slice was chosen to be as close to midway between the basal and apical slices as possible, with the additional constraint that the chamber of the right ventricle, and therefore the right ventricular free wall (RVFW), were visible. For each selected slice, we then chose five 15
• wide sectors from which to extract data (see Figure 3 ). Anterior and posterior sectors in the left ventricular free wall (LVFW) were located between the RVFW fusion sites and the respective left ventricle papillary muscles, while the LVFW lateral sector was located in the inter-papillary muscle region of the left ventricle. The septal sector was located between the two RVFW fusion sites. The RVFW sector (basal and equatorial slices only) took the same orientation as the septal sector. In all cases, the location of the sector was chosen to minimise inclusion of papillary muscle. If voxels containing papillary muscle were included within a sector, these were digitally removed.
In addition to the sectors from which angles were quantified, regions where abrupt changes in sheet angle occurred, from positive to negative or vice-versa, were identified in order to allow the reconstruction of the fibre orientation and sheet plane across such transitions. These transition regions were located approximately equatorially, although because of the variable locations of such regions [24] they did not necessarily coincide with the slices selected for quantification of angles -see Results for more details. 
Normalised Transmural Position
A normalised transmural position was assigned to each voxel in each sector using the method described by Geerts et al. [23] . The location of the midwall was first defined as the position where a fit to the transmural course of the inclination angles (see definition below) changed sign. The radius from the centroid to the midwall in each sector was defined as the distance R 0 . Normalised transmural position, h, was then specified using h = (R − R 0 )/R 0 , where R is the distance of the voxel from the centroid. In order to compensate for the larger distance of the RVFW midwall from the centroid, the transmural position in the RVFW sector is given by h = (R − R 0 )/R 0S , where R 0S is the midwall location in the septal sector. Thus, data from different hearts were aligned at the midwall where h = 0, and the centroid for each slice is at h = −1. This normalisation method removes errors associated with identifying the locations of the endocardial and epicardial surfaces and has been validated by Geerts et al. [23] , who showed that the standard deviation of the inclination angle data was much reduced when compared to the usual endocardial-to-epicardial normalisation method.
Fractional Anisotropy
Fractional anisotropy (FA) is a measure of the anisotropy of diffusion at a particular voxel within the tissue (i.e. whether the fibre direction can be well determined), and was calculated at each voxel throughout the tissue using
where λ 1 , λ 2 and λ 3 are the primary, secondary and tertiary eigenvalues respectively [6, 44] . A value of FA = 0 indicates isotropy of diffusion (i.e. the magnitude of diffusion is the same in the fibre axis, sheet plane and sheet normal directions such that λ 1 = λ 2 = λ 3 ), while a value of FA = 1 indicates cylindrically symmetrical anisotropy where λ 1 λ 2 = λ 3 .
Fibre and Sheet Angles
For any particular fibre orientation the eigenvector can point in one of two directions, each lying along the long axis of the myocyte but at 180
• to each other. We calculated the angle between the tangential axis and the projection of the primary eigenvector onto the transverse plane (which lies in the range [0 • with the tangential axis, and pointed in an anticlockwise direction when viewed from a base to apex direction. The fibre inclination angle was defined as the angle between the transverse plane and the projection of the primary eigenvector onto the circumferential plane (see Figure 2a ). Taking this angle rather than the direct angle between the eigenvector and the transverse plane allows comparisons with data obtained using histological methods, which are generally taken from slices made tangential to the epicardial surface.
Fibre orientation can only be fully described by the inclusion of a second angle showing the deviation of the fibre on the transverse plane. This transverse angle is given as the angle between the circumferential plane and the projection of the fibre onto the transverse plane (see Figure 2a) .
If the secondary and tertiary eigenvalues statistically belong to distinct populations, then diffusivity within the tissue is transversely anisotropic (i.e. orthotropically ansotropic). The secondary and tertiary eigenvectors then provide measures of sheet plane and sheet normal directions, respectively. We used the statistical method developed by Helm et al. [29] to determine whether the secondary and tertiary eigenvalues do belong to distinct populations. For each sector in each heart a test statistic, T , was calculated using
where Mdn(x) indicates the median value of x, and ξ = λ 2 − λ 3 . The critical value, T C , that the test statistic had to reach to be significant at the 1% level was dependent on the number of voxels in the sector, n, and was calculated as
where the constants 9.0 and 2.53 were obtained from Monte Carlo simulations in which T C was determined from distributions of eigenvalues of varying sample size [29] . In all sectors examined in all hearts, T > T C (see Table 1 ), and so we assumed transverse anisotropy of diffusion and extracted sheet angles from the sectors. We took the secondary eigenvector to indicate the orientation of the sheet plane. As with the primary eigenvector, the secondary eigenvector can take one of two directions, both being perpendicular to the local fibre orientation and lying in the sheet plane but at 180
• to each other. In the case of sheet structure, we flipped the secondary eigenvector if the angle formed by the radial axis and the projection of the secondary eigenvector onto the transverse plane was ≥ 90
• . Thus all secondary eigenvectors pointed away from the centroid, approximately in an endocardial to epicardial orientation. Secondary eigenvectors in the heart point principally in the radial direction [20, 41, 53, 54] and so we calculate the sheet angle as the angle between the transverse plane and the projection of the secondary eigenvector onto the radial plane (see Figure 2b ). This also allows comparisons to data from histological studies [11, 45, 46] which are generally taken from slices made in the radial plane.
Statistical Analysis
Results are presented as mean ± standard deviation. Significant differences between means of groups were tested for using independent t tests, or one-way analysis of variance (ANOVA) with Tukey post hoc tests. Values of P < 0.05 were considered statistically significant. 3. Results
Ventricular Geometry
Ventricular geometries of the three hearts are reconstructed and visualised in Figure 4 , showing the endocardial and epicardial surfaces, trabeculae carnae and papillary muscles. The boundaries of the papillary muscles are blurred by temporal averaging of in vivo MRI of the beating heart, and are not apparent in the Auckland canine heart model [38, 39, 45] . All three hearts showed anterior and posterior papillary muscles in the left ventricles. In the right ventricle, two hearts showed anterior, septal and posterior papillary muscles, while the third heart showed only anterior and posterior papillary muscles, although the anterior muscle was somewhat larger compared to the other hearts. Trabeculae and papillary muscles may act as initiation and/or pinning sites for re-entrant waves during ventricular fibrillation [62, 64] and so digital models of cardiac geometry that are to be used in the simulation of propagation and arrhythmias need to include the details of endocardial structures. Ventricular wall thickness in the entire LVFW, the apical and basal portions of the LVFW, and in the RVFW is shown in Table 2 . LVFW thickness is significantly lower in apical regions compared to basal regions in two of the hearts. In heart A, apical and basal LVFW thicknesses were 16.3 ± 2.9 and 16.6 ± 3.4 mm respectively (t = 3.76, P < 0.05) and in heart C were 15.2 ± 4.1 and 17.1 ± 4.1 mm (t = 24.61, P < 0.05). There was no significant difference between the apical and basal LVFW thickness in heart B (16.0 ± 6.3 and 15.9 ± 3.6 mm). Ventricular chamber volumes are shown in Table 3 .
We measured FA values of 0.24, 0.24 and 0.28 in hearts A, B and C respectively, each with the standard deviation of 0.09. Our mean value for the three combined hearts of FA = 0.25 ± 0.09 is similar to measurements from other studies, with values of 0.36 in canine [29] , 0.35 in goat [23] , 0.27 in mouse [41] , and 0.36, 0.32 and 0.3 in diastolic, early and late systolic rat respectively [11] having been reported. Thus, fibre direction in the three hearts was well determined.
Fibre inclination angle, fibre transverse angle and sheet angle maps for the cut surfaces of slabs digitally dissected from the three hearts are shown in Figure 5 . Fibre inclination The box in the right ventricle of each heart highlights the papillary muscles, which are extracted and enlarged from heart C. and transverse angles give a measure of the direction of anisotropy within a particular tissue sheet. The fibre inclination angle shows a clear endocardial-to-epicardial angle change of ∼ 120
• in the LVFW, inter-ventricular septum and RVFW, from positive at the endocardial surface to negative at the epicardial surface, changing sign in the midwall (Figure 5a ). The sheet angles, which together with the fibre orientation provide a measure of the principal directions of tissue orthotropy, generally appear to be positive in the LVFW (Figure 5c ). Figure 6 shows fibre inclination angle in apical, equatorial and basal slices of the three hearts, with the shading indicating the absolute value of the angle using a grey scale, such that white shows fibres lying in the transverse plane and black shows fibres normal to this plane. The transmural change from dark to light then to dark again is clearly evident in all slices, consistent with an endocardial-to-epicardial rotation of ∼ 120
Fibre Inclination Angle
• . Also striking is the integrity of the left ventricle, which in all slices of all three hearts appears as a continuous ring (or cone in three dimensions) of tissue composed of the LVFW and the inter-ventricular septum. In visualisations of the fibre inclination angle, the RVFW appears to be an attachment to this ring of tissue.
To allow examination of the consistency in the transmural change of the fibre inclination angles in regions of the heart, these angles were quantified for sectors in equatorial slices and are plotted against normalised transmural position in Figure 7 . This normalisation of transmural position aligns data from different hearts at the centre of the left ventricle chamber (normalised transmural position = −1) and at the midwall (normalised transmural position = 0); the normalised locations of the endocardial and epicardial surfaces from a particular heart are therefore determined by the relative sizes of the left ventricular chamber and the LVFW, inter-ventricular septum or RVFW thickness. Linear fits to data from individual hearts quantifies the transmural course of the angle.
According to these linear fits, the endocardial-to-epicardial course of the fibre inclination Heart A Heart B 50 mm Heart C +90 angle -90 Figure 6 : Fibre inclination angles in short axis basal (top), equatorial (middle) and apical (bottom) slices through three canine hearts. The shading shows the absolute value of the fibre inclination angle using a grey scale, such that white indicates fibres lying in the transverse plane and black indicates fibres normal to this plane. 
Fibre Transverse Angle
The transmural course of the fibre transverse angle is shown for basal, equatorial and apical lateral sectors in Figure 8 with linear fits for data from individual hearts. In the apical sector the fibre transverse angle shows a transmural change from approximately −57
• at the endocardial surface through to +63
• at the epicardial surface, according to the linear fits. In the equatorial sector this range is from −45
• to +32
• . In the basal sector the fibre transverse angle shows negative slopes in heart A (triangles) and B (squares), and a positive slope in heart C (circles), although there is great variability within the data. This general trend is characteristic of the fibre transverse angle in the other sectors from the basal slices (results not shown). 
Sheet Angle
Sheet angles as a function of transmural position are shown for the lateral sectors from apical, equatorial and basal slices in Figure 9 with linear fits for data from individual hearts. The majority of transmural locations in the three sectors from all three hearts show positive sheet angles, except in the subendocardial region of the basal sector in heart A (triangles, Figure 9a ) and the subepicardial region of the apical sector in the same heart (triangles, Figure 9c ). For any given transmural location, there is significant inter-heart variability in the sheet angle in apical and especially basal lateral sectors. The transmural course of the sheet plane is reconstructed in Figure 10 for individual hearts, and for the data from all three hearts combined, from 5th order polynomial fits [23] applied to the data in Figs. 7 and 9.
As the sheet angles are positive for the majority of transmural locations in the sectors then the sheets are orientated in an apex-base direction for the three sectors from the each of the three hearts, and also for the combined data. Exceptions occur in the subepicardial regions of the apical sectors in heart A and the combined data, and the subendocardial regions in the basal sector of heart A, where the sheet angles are negative and the sheet planes are therefore orientated in a base-apex direction. Note the large inter-heart variability in the transmural course of the sheet plane in basal regions and, to a lesser extent, in apical regions, corresponding to the variation in the quantified angles shown in Figure 9 . Although sheet behaviour is qualitatively similar in the selected lateral regions (that is, mainly orientated in an apex-base direction), Figure 5c shows that, in other cardiac regions, sheet orientation varies markedly between the hearts. The posterior wall of hearts A and C has planar sheet orientation (i.e. a sheet angle close to zero such that the sheets lie in the transverse plane) while in the same region of heart B sheets are negatively orientated. Indeed, longitudinal (base-apex) columns of qualitatively similar sheet orientations can be identified. In some regions, such as the septum in heart C, these columns of positive and negative sheet angles merge, with this merging region occurring at variable transmural and circumferential Figure 10 : Reconstructions of the transmural course of the sheet plane in lateral sectors of basal, equatorial and apical slices. The elevation of the sheet plane was calculated by integrating 5th order polynomials fitted to the data from individual hearts and to all data combined (data shown in Figure 9 ). The twist in the sheet plane represents fibre orientation and is given by 5th order polynomial fits to the fibre inclination angles from individual hearts, and the combined fibre inclination angles, extracted from the lateral sectors of the respective slices (shown for the lateral sector of the equatorial slice in Figure 7b ). locations (see [24] for a review). The nature of these regions of sheet orientation transition is explored in Figure 11 . Regions were identified from each heart where sheet angle transitions occur abruptly, from positive to negative or vice versa -the location and morphology of these transitions was variable (Figure 11a ). The sheet angle was visualised in slabs spanning these transition regions, and the three-dimensional orientation of the primary eigenvector (fibre orientation) was visualised transmurally across the slabs. The fibres rotate smoothly, and the rotation is not affected by the abrupt sheet angle transition (Figure 11b) . In Figure 11c , the three-dimensional sheet plane arrangement for the heart C sheet transition zone in the septal region is reconstructed using 5th order polynomial fits applied to the fibre inclination and sheet angles (as for Figure 10 ). This reveals an abrupt deflection of approximately 70
Epi
• in the sheet plane, corresponding to the sharp change in sheet angle across this transition. Figure 10 for the septal slab from heart C. The sharp change in sheet angle at ∼ 80% transmural distance from the left ventricle endocardium is observed as a deflection in the sheet plane. LV, left ventricle; RV, right ventricle.
Discussion
Fibre Inclination Angle
The transmural course of the fibre inclination angle in all three hearts follows the classic rotation of fibre orientation with transmural distance, from a positive angle of approximately 60
• in endocardial regions through 120
• to a negative angle of approximately −60
• in epicardial regions [51, 55, 56] . Our results compare well with previous DTI studies examining the transmural course of the fibre inclination angle [11, 12, 23, 28, 29, 30, 33, 36, 41, 53, 54] . In the equatorial slice, the mean range of the fibre inclination angle was 135 • in rat [11] , and so the range found in canines here compares well with that found in other species.
The slope of the transmural course of the fibre inclination angle ranged from −109 [41] also found no significant difference in the slope of the fibre inclination angles from different regions in mice, although Geerts et al. [23] found that the lateral and posterior sector slopes in goats (−136 and −141
• , respectively) were significantly smaller than those from the anterior and septal sectors (−180 and −184
• , respectively). Because of the high resolution of the datasets, the sectors chosen for quantifying fibre inclination angle contain a correspondingly large number of voxels that lie within the ventricular tissue. The three combined anterior sectors of the equatorial slice, for example, contain 1091 voxels, while the lateral, posterior, septal and RVFW sectors contain 879, 896, 675 and 679 voxels, respectively. As far as we are aware, this is the first time such extraction and quantification of DTI data has been undertaken in canine cardiac muscle, and is comparable to the study of goat hearts by Geerts et al. [23] . The variability in fibre inclination angle at a given transmural distance appears to be somewhat larger than in the goat heart study (compare our Figure 7 with Figure 5 in [23] ). This variability may be species dependent, with greater variability found in canine than in goat -further work to build libraries of ventricular architecture in numerous species in both physiological and pathological states needs to be undertaken to determine if this is indeed the case.
Fibre Transverse Angle
The transmural course of the fibre transverse angle (Figure 8) shows that, in lateral sectors from equatorial and apical slices, the angle is negative in the endocardial region, changing through to positive in epicardial regions. In basal slices there appears to be no distinct pattern when data from the three hearts are combined. Taking an average value throughout the three hearts, we obtained a mean fibre transverse angle of −2
• , which compares well to the mean whole heart value of −3
• found in goat [23] .
Sheet Structure
We chose to characterise the sheet orientation using the secondary eigenvector, which has been validated as corresponding to the local sheet plane [61] . The secondary eigenvector extracted from the diffusion tensor in our datasets represents the sheet plane, as the test statistic T calculated for lateral sectors of basal, equatorial and apical slices all exceeded the critical value T C (see Table 1 ), and the secondary eigenvalues and corresponding eigenvectors are therefore distinct from the tertiary eigenvalues and eigenvectors.
Recently, Helm et al. [28, 29, 30] using DTI have identified variations in the dominant sheet angles found in different locations of the same heart, especially in basal regions, where the intersection (or sheet) angle in one particular heart ranged from 22
• to 101
• . When data from seven hearts were combined, a bimodal distribution of angles was found with two distinct orientations of the cardiac laminar structure lying on average at 45.5
• and 117.6
• [29] . These findings are backed by histological studies [1, 2, 11, 16, 19, 27, 67] that have also identified two distinct populations of sheets in combined data that correlate well with the DTI measurements. Our measured sheet angles for lateral sectors show large intra-and interheart variability, particularly in basal regions (see Figs. 9 and 10) . In heart C for example (circles in Figure 9 ), the transmural variation in sheet angle in the lateral sector of the basal slice ranges from −20 • in the epicardial region. In endocardial and subendocardial regions, the combined data from the three hearts also shows great variation, ranging from −30
• in heart A ( Figure 9 , triangles) to +85
• in heart C ( Figure 9, circles) . Reconstructions of the transmural course of the sheet plane in lateral sectors are shown in Figure 10 , and show that in basal, equatorial and apical slices, the orientation of the sheet plane is, with the exception of the subepicardial and epicardial regions in the apical slices of heart A and the combined data, in an apex-base direction. Although the selected lateral sectors display qualitatively similar apex-base sheet orientations, Figure 5 shows that there is marked variation in sheet structure between the three hearts. Longitudinal columns of similar sheet orientations extend from apex to base, but the circumferential and transmural locations of these columns and their regions of overlapping and merging varies between the hearts, with hearts A and C sharing a predominance of positive sheets antero-laterally and planar sheet anteriorly, negative sheet in the septum, planar sheet posteriorly. Heart B has predominantly negative sheet posteriorly and laterally, planar sheet laterally, negative sheet anteriorly and positive and planar sheet at the septum. Given the greater similarity of hearts A and C, it is tempting to view heart B as an aberrant exception. However, heart B has the closest sheet morphology to that described in LeGrice et al. [46] , with positive sheet subendocardially at the septum and negative sheet subendocardially in anterior regions. In addition, the similarity between the sheet structure in hearts A and C should not be overstated; the columns of like sheet orientations coincide in transmural location, but the pattern of merging of the sheet regions differs markedly. An example of this is at the anterior abutting of the septal negative and lateral positive columns which occurs in both hearts A and C. In the equatorial region of heart A, the negative sheet structure is found subepicardially, and the positive sheet structure deep to this, while in heart B, positive sheets are found subepicardially with negative sheets deep to this (Figure 11a ).
Previous quantification of the fibre inclination angle shows a smooth transmural change from approximately +60
• to −60
• from epicardium to endocardium. In the light of these data, the sudden switching of sheets orientated at ∼ 70
• to each other [29] is surprising. It might have been anticipated that, as the gross fibre structure crosses over between the two sheet populations, a deviation from the smooth transmural fibre rotation would occur. To further explore the nature of fibre orientation change across the positive-to-negative sheet abutments we reconstructed the three-dimensional orientation of the primary eigenvector across such regions in the three hearts. The visual assessment of the three-dimensional fibre path avoids the limitations associated with reflecting the fibre onto a plane to report a fibre inclination angle [41] . The regions were selected from between the equator and base at the sites of clearly defined sheet abutments (Figure 11a ). The fibre reconstruction across the anterior (heart A), posterior (heart B) and septal (heart C) sheet transitions (Figure 11b ) show no change in divergence across the abrupt sheet abutment. The transmural course of the sheet plane was reconstructed for the septal sheet transition region in heart C, and shows a divergence in the sheet plane of approximately 70
• (Figure 11c ). This analysis supports the findings of others that there are two populations of sheet angles within the myocardium. Furthermore, it provides further evidence of a switching from positive-to-negative-to-positive sheet orientation as described in references [13, 28, 29, 30] . The data presented here also offer some possible explanations for the differences in the histologically-derived descriptions of sheet morphology in the literature. Some reports [11, 46] describe a single population of sheets that bend through the cardiac wall, while others describe dual populations [1, 2, 11, 16, 19, 27, 67] . Gross variation in sheet structure between individual hearts will result in differing reports, as will local variation in sheet orientation associated with the precise positioning of the regions selected for characterisation. For an in-depth review on ventricular sheet structure, how sheet structure obtained using DTI and other methods are related, and current and past models of both fibre and sheet structure, we refer the interested reader to reference [24] .
Limitations
There are several limitations associated with this study. First, the base-apex axis was fit to the heart manually, as opposed to the mathematical method employed in some other studies (see, for example, reference [23] ). However, due to the high resolution of the datasets and the resultant well-defined anatomical landmarks, intra-and inter-observer variability in the fit of the axis was extremely small and resulted in a correspondingly small change ( 1 • ) in calculated fibre and sheet angles. Second, we did not directly compare the fibre and sheet angles obtained using DTI to histological measurements made in the same tissue. However, the primary eigenvector of the diffusion tensor has been previously validated as a measure of cardiac fibre orientation [33, 36, 53] , as have the secondary and tertiary eigenvectors with respect to ventricular sheet structure [29] . Nevertheless, combined DTI and histological studies will provide further validation for DTI as a method for obtaining cardiac architecture non-destructively. Third, we do not take into account any potential noise in the diffusion tensor measurements. As stated previously, the DTI method has been validated to provide an accurate measure of cardiac architecture [33, 36, 53, 29] , and the interested reader is referred to references [5, 10] for further discussion on noise in measured diffusion tensors.
Conclusions
DTI provides a non-destructive, high-throughput, high-resolution method for reconstructing the fibre and sheet orientation throughout cardiac ventricular tissue that can be used to study intra-and inter-heart variations in cardiac architecture, or as the orthotropically anisotropic geometry for computational simulations. Our measurements of the fibre inclination angle in canines correspond well with previous histologically-and DTI-derived measurements. The measured fibre transverse angle and sheet angles, however, show significant inter-heart variability, particularly in basal slices. In addition, the pattern of merging of the two qualitatively different populations of sheet structure (positive and negative) appears to be complex, and the characterisation of any distinct patterns or continuum of patterns within a population [24] will require further work, perhaps using a combination of DTI and histological techniques. We conclude that a single DTI-derived "atlas" model of ventricular fibre and sheet orientation should be applicable to modelling propagation in wedges taken from the equatorial and apical left ventricle, and allow comparisons to experimental studies carried out in wedge preparations. However, due to variability in basal regions of the left ventricles, a library of individual DTI models of basal wedges or of the whole ventricles will be required.
